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X rays at high photon energies are needed to backlight and image large objects of high opacity on
large lasers, such as the National Ignition Facility, or large pulsed power facilities, such as ATLAS.
Attenuators and filters are usually used to bring the signals to scale and to filter the x rays from
un-needed low energy components. As the x-ray energy increases, the secondary effect of the
interactions of the x rays with the filter or attenuator material must be addressed. This is especially
true when one considers using the very high energy x rays from the hot electrons generated during
the interaction of intense lasers with highmaterials. We will show how these concerns can be
guantified and reduced in at least one case; an experiment on the OMEGA laser facility, designed
to investigate the scaling of absolute x-ray yield and conversion efficiency with laser energy and
power. This investigation is part of the study to determine the feasibility of high-energy backlighters
using Ge emission near 10.3 keV. We will also show how these results apply to imaging at larger
x-ray energies. ©2001 American Institute of Physic§DOI: 10.1063/1.1318252

I. INTRODUCTION of the x-ray line of interest. The vacancies may be filled by
Fither an electron from a separate shell, generating a fluores-

confinement fusiortlCF) and pulsed power program to mea- centx ray, or _bﬁél%ger emission of another electron without
sure the emitted spectrum from a devicéThey are used as x-ray generatio Ger_1era||y it ha_s been found that the
simple elements that select or reject some part of an inciderjtiorescence efficiency increases with the nuclear charge of
x-ray spectrum. Tabular x-ray attenuation coefficiéfitare (e target element and decreases with the ionization energy
used to calculate the transmission of such filters. Such simpi@f the shell of interest. Multiple ionization and cascade ef-
calculations have been implemented in at least two free soff€Cts may occur, and are usually included in the measured
ware packagés?showing the transmission of the x-ray lines fluorescence efficiency. _
at each wavelength but do not show what happens to the part N order to get a feeling for the magnitude of the prob-
that was absorbed. For many systems that measure the abd@M, We may write the equations in a manner similar to Ref.
lute energy of the incident radiation or that measure thel3. However, for the purposes of this section, we will; look
transmitted spectrum, this neglect may generate a significa®Nly along the axis, neglect the angular effects, assume that
distortion of the expected or perceived spectrum. Few treatthe incident x rays are collimated and have an extent much
ments of this problem have been shown in the literaturewider than the thickness of the foil, and assume that the filter
especially for the case of x-ray fluorescence from the illumi-is made of a simple single element. The incident spectral
nated side of a filtet'~**We did not find a single reference photon flux density|,(x)=dl/I\ is measured at a dept)
that deals with the modification to the transmitted x-ray specin units of photons per unit bandwidth interval per unit area,
trum, but we found one reference that dealt with the backattenuated to a valug,(0)dxe™ ***, where u) = u; + uf
scatter spectrurl: However, as interest increases in radio- +uy is the total linear mass absorption coefficient at a
graphing and backlighting thicker objects that require highemwavelength\, the sum of scattering, photoelectric, and pair
x-ray energies these effects cannot be neglected and shouddoduction coefficients, respectively, and wheris the den-
be included in the analysis. In this article we introduce thesity of the foil.
relevant concepts in a manner similar to that of the reflected The number of photons depleted from the beam in a
x rays, and apply that to a real situation. We also discusshicknessdx at depthx is thenl, (0)d\e™ #P*u, pdx. But of
how to reduce these effects to manageable proportions. those only a fraction, absorbed by the photoelectric effect,
gives a hole, and only if the incident photon energy is greater

Il. FLUORESCENCE than the binding energy of that shell: No. holes

) _ =1,(0)d e #P*uPpdx. Of those holes a fraction produces

X rays can be attenuated either by scattering, by paip K shell vacancy: NoK shell VacanciesNo. hole (r

production, or by the photoelectric effect. When they are_ 1)/r,. Wherer, is the jump factor in the photoelectric

attenuated by the photoelectric effect, a vacancy occurs igpsorption coefficient at thé edge. The rest are absorbed in
any of the shells whose ionization energy is lower than thahigher shells.

Filters have been used for many years in the inertia

Of those holes in th& shell, only a fractionw, is filled
3Electronic mail: kyrala@lanl.gov by K-alpha andK-beta line fluorescende:*® For illustrative
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lll. EXACT CALCULATIONS

FIG. 1. The growth and decay of the Realpha line, the Zn He-alpha line The simple calculation in the previous section shows that
and the ratio of photons in the Fe and Zn lines, continuous dashed and déhere may be a problem when designing filter sets indiscrimi-
dash, respectively, for different depths into the iron filter. nately. In a real system there are other effects that should be
included, such as secondary, tertiary and higher order fluo-
Jescence, as well as scattering. In a multilayer system, back-
ward going fluorescence may also excite other lines that may
effect the forward going flux. Two-dimensional effects are
important as well but, as shown in Ref. 12, those effects are
equivalent to secondary fluorescence and although difficult
to calculate the effect is second order if the fluorescence
efficiency is not too great, and if the detector is far from the
fluor. In Sec. IV we will describe the method used to evalu-
ate a real system using a more complete description of the
problem.

We assume that we have a set of filters each made of
unigue elements, having any cross-sectional areas, and
ul } present in any location between the source and the detector.
dn— The problem may then be reduced to calculating a left-to-

AT Mk . . . . .
right going x-ray flux, along the incident x-ray direction, and
X[1—e Pt md]l, (0)dhe #eh, a right-to-left going flux antiparallel to the incident direction.
Each material is subdivided into thin layers called zones,
each thinner than the mean free path of the radiation in the
foil (Fig. 2. The x-ray spectrum is subdivided into very
narrow zones, typically an eV wide. For a given zone the

purposes of this section we group the two lines into a singl
K line. The fluorescent radiation is emitted uniformly in ev-
ery direction and a fractiom=dQ /47 of the K radiation
propagates in the forward direction. Thelines propagate
through the rest of the filter, of thickneksemerging with a
photon flux from a unit spectral cut of:

r.—1
Ik

h
Fe(h)dh= f cl,(0)d\e#P* uPpdx
0

X wkefﬂ-kp(hfx),

re—1

k

Fk(h)d)\:

[cay]

wherepu, is the total absorption coefficient at the wavelength
of the fluorescerkK lines. Contrast this with normally calcu-
lated fluorescence in the backward directfon

_— p right going photon fluxX.R(k,n) is a function of the position
By (h)dA= k [cwy] it } index k and the energy inder. The absorption coefficient
k H ™ Mk for that zonew(n,b) is a function of the energy index and

the material indexo (usuallyb is thez of the materigl. Then
we can write the recursion formulad:R(k,n)=LR(k

The transmission of the filter at the incident radiation —1,n)* m(n,b) and RL(k,n)=RL(k+1,n)*m(n,b).
wavelength is given bg *"1, (0)d\. There is a peak in  Where the index refers to the right surface of the zone in
the forward yield at a depthl = loge(ul/ )/ (s— ) p)- regionk (see Fig. 2andm(n,b) = exp{— p(K)t(k) u[b(k),n]} is

In contrast, the yield in the backward direction saturateghe attenuation of the zoreof thicknesst(k), densityp(k)
with foil thickness and does not show a peak. If we take asat the energy with index for materialb with indexb(k).
an example the transmission of the zinc He in an iron When the energy of the x ray in a given zone exceeds the
filter, the peak occurs at a thickneds=9.5um with a peak  absorption energy of an edge, in that material, then we cal-
fluorescent fraction of 0.18. In other words, 18% of the in-culate a number of holes from the energy absorbed above the
cident photons are transmitted and 9% are converted intedge into the shell, from both right and left going fluxes
iron K-alpha lines that emerge from the filter along the initial
propagation direction of incident x raykig. 1). Hk)= D, [{LR(k—1,n)—LR(k,n)}

Of course the emitted fluorescence disperses into all di- n=>nk
rections, while the transmitted flux at the incident wave
length remains as a noncollimated beam. Interestingly, in
Fig. 1, the ratio of the fluorescent radiation to the emergent
radiation at the initial frequency is a monotonically increas-where we added the contributions from the two propagation
ing function of the foil thickness! directions.

X[1—e Pt md], (0)dA.

Mk

+{RL(k,n)—RL(k—1,0)}]

Downloaded 22 May 2001 to 128.165.156.80. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp



684 Rev. Sci. Instrum., Vol. 72, No. 1, January 2001 G. A. Kyrala and J. B. Workman

LR_ZnFe

(a) RL_ZinclnFe

-8L I L L
0 50 100 150 200
Distance (microns)

(b) LR_ZinclnFe

FIG. 4. The attenuation of the helium-like line of Zn and the relative growth
of the K-alpha andK-beta lines of iron as a function of foil depth, continu-
ous, dash, and dot-dash, respectively. At the exit, the iron contribution ex-
ceeds the transmitted incident zinc flux.

Thus this design would not have served the purposes that we
would have expected without regard to the fluorescence. In
contrast we would have accomplished our purpose with 1
mm of Al to perform the same attenuation, but without a
fluorescent spectrum.

An alternative solution would have been to put the de-
HG 2 (o) The lettioniont ool . function of denth. Note th tector a significant distance from the source. In this case the
B e o o anae ) o " Incident flux at the 8999 keV would ot have been changed
right-to-left going spectrum as a function of depth. Fealpha photons are DY solid angle, but the fluorescent radiation would have been.
generated in the iron but decay into the aluminum. The low energy fluioresAssuming the same area as in the example, the distance
cence continue to grow in the backward direction. would have had to be more than 25 cm for the fluorescent

radiation flux to be 10% of the desired line, however the

The output fluorescent flux is then divided into forward transmitted band below thi€ edge of iron would still con-
and backward components apportioned to each fluorescetribute significantly to the measured signal. In contrast with
line using the appropriate fluorescent efficiency for that line previous work where the filters wesenvenientlyput next to
and the solid angle between the two zone boundaries the film or the gated instruments, this analysis led us to use a

LR(K,Nka) = LR(K,Na) new modifiednose conehat contained the filters.

— n
+H(K) wy ﬁ V. DISCUSSION
ka kB

k,k+1

The above examples led us to some fundamental conclu-
sions relative to the use of filters; we found that to be on the
safe side, only lowe material should be used for attenuation.
V. EXAMPLE The mo_st convenient element is alumln_um. Aluminum quo_—

resces little and only at low x-ray energies that can be easily

As an example, to show the effect of the filter composi-attenuated by Be or C shields. Since it is also a Ibmate-
tion on the measured result, we simulated a laser-plasmaal, Al scatters the radiation with low efficiency; the coher-
generated spectrum incident on an aluminum filter that ient scattering cross section s10% of the photoelectric
backed off from an iron filter. The filter6100 um of Al, cross section below 20 keV. We also found that to attenuate
followed by a 400um gap, then 5Qum of iron, and finally a  a single He-like line, it is better to use the same material that
2 um of Be) were placed in front of a detector. The incident originates the line to perform the attenuation. Since for most
spectrum consisted of two x-ray lines at 1056 and 8999 eVmaterial withz>18 the helium like line are below thk
and a bremstrahlung background of 200 keV temperaturegdge of the material, their absorption cannot produce a va-
but with a small amplitude. The Fe is used to attenuate theancy and hence cannot produ¢eshell fluorescence. The
He-like Zn line by a factor of 10 000 so as not to saturate theandM shell fluorescence is not efficient and would be easily
detector. The transmitted and reflected spectral fluxes ardtered.
shown in Figs. 8) and 3b), respectively, as a function of We also show that the fluorescence technique may be
depth. The output, Fig. 4, is found to have the expectedised as a very powerful measuring tool for the detection of
fluorescence from the iroK lines, but with a larger trans- hot electrons. Filter fluorescence from the front of foils in-
mission for the fluorescent line relative to the input line.clined at 45° has been used extensively to measure high

with a similar expression for each line and for tRe spec-
tral flux density.
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FIG. 6. The attenuation of the helium-like line of Zn and the relative growth
of the K-alpha andK-beta lines of iron as a function of foil depth. At the
exit, the iron contribution exceeds the transmitted incident zinc flux by a
large margin.

was not a contributing factor, and using different filters is the
only method to distinguish between direct excitation and
bremstrahlung induced fluorescence.

Finally, we note that fluorescence may contribute to re-
duce the modulation transfer functiogMTF) of the record-
ing systems. If a foil is placed close to the recording plane, it
will cast a significant penumbra on the instrument. As in
measuring the flux, this may be reduced by putting the filters
FIG. 5. (a) The left-to-right going spectrum as a function of depth. Note the @S far from the recording plane as possible, which would
break at the Al—iron interface, and the growth of thekFkines. TheK-alpha  reduce the fluorescence signal, and would make the shadows
'li)”e istlriﬁe:]”(‘;"TiﬂeFri?-hfrt On]git'yo?#e éoet:t? ﬁr:’zzflf;i?“ngt?;; f}"d‘éf :Ee sharper. Since the signal is purer now, the measured noise in
TLeeT(S-aIph: e?re generatged in the i?on t?utzeca;s into theualuminum, bFl),It t-héhe Spectrum V_VQUId be a tru? measure of the noise in the
low energy fluorescence continue to grow in the backward direction. system unmodified by the noise due to the secondary fluo-
rescence. This analysis also points out the difficulty of inter-
preting MTF measurements at high x-ray energy when the

x-ray energy vield, but has not been considered as we merodulating substrate may fluoresce.
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